A maternally inherited, all-female trait is widely found among arthropods, which is caused by bacterial endosymbionts such as Wolbachia, Rickettsia, Spiroplasma and Cardinium. We discovered a single female of Drosophila biauraria, collected from Tomakomai, Hokkaido, Japan, that produced all-female offspring. This all-female trait was maternally inherited in the iso-female line (SP12F) by backcrossing with males of a normal line (SP11-20) with a 1 : 1 sex ratio derived from the same population. The all-female trait was not affected by tetracycline treatment performed for two consecutive generations. However, the microinjection of filter-sterilized homogenate of SP12F females into SP11-20 females established all-female matrilines. Our data suggest the role of transmissible agents, most likely viruses, but not bacteria or protists, as the possible cause of the all-female phenotype, which is likely to be achieved by killing of male embryos because egg hatch rates of SP12F were nearly half those of SP11-20. This is the first report in Diptera to demonstrate a maternally inherited virus-like element as the cause of the male-killing phenotype in D. biauraria.
Introduction
Males are an evolutionary dead end for cytoplasmic elements such as mitochondrial and cytoplasmic endosymbionts [1, 2] . Cytoplasmic male sterility that is widely known in plants [3] and endosymbiont-induced female-biased sex ratio that is known in several species of arthropods [4, 5] are considered to be advantageous for cytoplasmic elements.
Investigations during the last few decades have revealed that endosymbiotic bacteria belonging to diverse taxonomic groups, such as Wolbachia and Rickettsia (alphaproteobacteria), Arsenophonus (gammaproteobacteria), Spiroplasma (Mollicutes) and Cardinium (Bacteroidetes), induce male killing in various hosts belonging to a variety of insect orders, such as Diptera, Coleoptera, Hymenoptera, Hemiptera and Lepidoptera, as well as in woodlice and spiders [4, 5] .
Likewise, maternally transmitted protists, i.e. eukaryotic unicellular microorganisms, are also well known to cause female-biased sex ratios in arthropods. In various species of mosquitoes, microsporidian parasites such as Nosema kill male hosts during the late stage of larval development (late male killing). Microsporidians released from dead mosquito larvae infect an intermediate copepod host to complete their life cycle [6] . Nosema and related microsporidians are also known to bias the sex ratio of amphipod shrimp Gammarus duebeni by converting males into functional females [7] .
However, whether viruses can induce sex ratio distortion or they are vertically transmitted has not been well explored. The diversity of sigma viruses (Rhabdoviridae), which were originally found in Drosophila melanogaster [8] , was recently studied [9] . Sigma viruses were found to infect Mediterranean fruit flies (Ceratitis capitata), Drosophila immigrans and speckled wood butterflies (Pararge aegeria), all of which were vertically transmitted [10] . In one study, two unknown RNA sequences were found to be associated with late male killing in the moth Homona magnanima. The male-killing phenotype and the two RNA sequences were transmissible to normal strains by injection [11] . Therefore, the RNA sequences were suspected to be of a virus, which likely induced the late male killing in H. magnanima.
In this study, we discovered a female D. biauraria that produces all-female offspring. We used PCR diagnosis, tetracycline treatment and microinjection strategy to establish the stable nature of this all-female-trait transmission and to identify the causal agent responsible for this phenomenon.
Material and methods (a) Collection of D. biauraria
Adult D. biauraria were collected from Tomakomai, Hokkaido, Japan in 2011 using standard bait traps containing fresh bananas and dried yeast. Wild-caught females were individually allowed to lay eggs on a standard banana medium. The flies were reared at 208C under a long-day regimen (14 : 10 h of light : dark).
(b) DNA extraction and PCR
Ovaries dissected from adults were surface-sterilized using 70% ethanol for 5 min and rinsed with 0.3% sodium hypochlorite, followed by rinsing with distilled water thrice. DNA extraction was performed using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).
To examine the presence of bacteria, PCR was performed using the universal primers 16SA1 (5 0 -AGAGTTTGATCMTGG CTCAG-3 0 ) and 16SB1 (5 0 -TACGGYTACCTTGTTACGACTT-3 0 ) [12] that amplify 16S ribosomal RNA gene sequences (16S rDNA). To confirm that DNA was properly extracted, the mitochondrial cytochrome c oxidase subunit I (COI) region was amplified using the primers LCO1490 (5 0 -GG TCAACAAATCATAAAGATATTGG-3 0 ) and HCO2198 (5 0 -TAAACTTCAGGGTGACCAAAAAATCA-3 0 ) [13] .
(c) Antibiotic treatment
Flies were reared for two consecutive generations on a medium containing tetracycline hydrochloride (0.05% [w/v]), which is higher than the concentration (0.025% [w/v]) that is routinely used for eliminating Wolbachia endosymbionts from Drosophila [14] .
(d) Injection
Eighty-five milligrams of D. biauraria females (SP12F) (ca. 85 individuals) were homogenized in 340 ml of PBS buffer using a homogenizing pestle. After centrifuging at 8000g for 5 min, the supernatant was passed through a 0.22-mm sterile filter using a disposable 1-ml syringe. Approximately 0.20 ml of the filtrate was injected using a glass capillary into the intersegmental membrane of the thorax of a recipient adult female of D. biauraria (SP11-20) that was anaesthetized on ice. The glass capillary was made by pulling calibrated glass pipettes (cat. no. 2-000-001-90; Drummond Scientific Company, Broomall, PA, USA) using an automated puller (PC-10; Narishige, Tokyo, Japan). The glass capillary was connected to the silicon tube, the end of which was held in the mouth, and the inflow and outflow of the injection was controlled by the breath pressure.
To confirm the genetic background, mitochondrial COI of the all-female matrilines generated by injection as well as that of SP12F and SP11-20 were amplified using primers LCO1490 and HCO2198, and PCR products were directly sequenced.
Results (a) Maternal inheritance of the all-female trait
The founder female of the all-female matriline (SP12F) was introduced in our laboratory in 2011, and the matriline was maintained by crossing these females with normal males, derived from SP11-20 (a matriline with 1 : 1 sex ratio), for nearly 6 years (approximately 72 generations). To our best rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170476 knowledge, no males emerged from SP12F, which suggests the robustness of the all-female phenotype.
(b) Absence of PCR-identifiable bacterial 16S rDNA
The universal PCR for targeting bacterial 16S rDNA using ovarian DNA of SP12F and SP11-20 lines did not amplify any product (figure 1a). The successful amplification of mitochondrial COI gene sequences confirmed that the DNA was properly extracted (figure 1a).
(c) All-female trait is resistant to tetracycline
Tetracycline treatment performed for two consecutive generations did not affect the all-female trait in SP12F (figure 1b) [15] , thereby excluding a majority of bacteria as the cause of this trait.
(d) The all-female trait is transmissible by injection
Initially, some microinjected females produced all-female or strongly female-biased broods. Flies that produced only females were isolated and used to establish iso-female matrilines through subsequent generations. Four all-female matrilines that derived from independently injected females were established. The sequences of mitochondrial COI confirmed that these lines were derived from SP11-20, and not from SP12F (electronic supplementary material, S1).
(e) Male killing as the mechanism of the all-female trait
Egg hatch rates of SP12F was nearly half those of SP11-20 (figure 2) [15] , which suggests that the all-female trait was achieved by killing male embryos (Bartlett test of homogeneity of variances on binary data of egg hatchability:
).
Discussion
Here we report a unique case of early male killing (male lethality during embryonic development) observed in D. biauraria caused by a cytoplasmically inherited agent, most likely a virus, thereby excluding bacteria and eukaryotic microorganisms as the possible causes. The incidence of cytoplasmically induced male killing has been extensively investigated in various Drosophila species during the past few decades, including Spiroplasma-induced male killing in D. willistoni and its related species [16] and in D. melanogaster [17] , and Wolbachia-induced male killing in D. bifasciata [18] and D. innubila [19] . However, to the best of our knowledge, our report is the first to demonstrate in Drosophila that a non-bacterial agent is responsible for the maternally inherited, male-killing phenotype. Because viruses in general can be transmitted from fathers to offspring in contrast to bacterial symbionts, rare occurrence of male-killing viruses seems reasonable. However, considering the case of late male killing in the moth H. magnanima [11] , maternally transmitted virus-like male killers might not be extremely rare (although much less common than bacterial male killers). Similarly, it is known in the moth Ostrinia scapulalis that tetracycline-insensitive allfemale matrilines occupy as much as 5% of the natural population in addition to Wolbachia-associated all-female matrilines [20] . A virus-like agent might be responsible for the all-female trait in O. scapulalis; however, it is possible that organelles such as mitochondria are responsible for the trait because the transmissibility of the all-female trait by injection was not confirmed.
RNA and/or genome sequencing of SP12F, SP11-20 and microinjected all-female lines of D. biauraria, which will be performed in our future studies, may provide conclusive evidence regarding the causal agent of the all-female trait in D. biauraria. The probable role of viruses as sex ratio distorters is unexplored, and we believe that recent advancements in sequencing technology will provide opportunities for exciting discoveries in the near future.
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